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Introduction
In the backdrop of potentially adverse effects of climate change in the future, reduction of greenhouse gas emissions is a major policy goal of the governments in most of the developed world. Among the different sectors of the economy, decarbonizing transport appears particularly challenging. For example, the UK has reduced its total carbon emissions by 22% by 2011 over 1990 emissions, but during the same period transport emissions have reduced by only 2.5% (Department of Energy and Climate Change 2013).
1 Given transport emissions are overwhelmingly governed by the emissions from road transport in most countries, it is crucial to address this area in order to make meaningful contribution toward the overall reduction target. While many technology options for decarbonization of vehicles are being explored by researchers, it appears the current petroleum based vehicle technology will continue its dominance in the near future (National Petroleum Council 2012). As such, addressing new car fuel economy 2 to reduce fuel consumption and carbon emissions has become an important area of academic and policy interest after a long hiatus since the oil shocks of the 1970s. Automobile fuel economy is also important from an energy security perspective, especially due to increasing volatility in fuel prices and continuous geopolitical unrest in the major oil producing regions. Accordingly, recent years have seen the strengthening of the US Corporate Average Fuel Economy (CAFE) standards for light duty vehicles and the legislation of a European Union (EU) wide carbon efficiency standard for automobiles. In addition to the command and control policies such as standards, there are various other policy leversincluding the market-based ones -that can affect the fuel economy of the personal vehicle fleet. It is important for policy design purposes to understand the relative impact of the factors affecting the fuel economy of vehicles, such as income, fuel price, standards, car registration duties/taxes, etc. Therefore 1 Even this reduction masks the fact that transport emissions had generally been increasing until the recession, when travel activity reduced significantly. 2 Fuel economy is measured in miles per gallon, and is used extensively in the USA and the UK. On the other hand, fuel intensity, measured in litres per 100 km or gallons per 100 miles, is a more readily useful metric for fuel consumption. An improvement in fuel economy means mpg goes up, while an improvement in fuel intensity means l/100km goes down. Fuel efficiency is used somewhat loosely to engineers it means fuel intensity, but in energy economics literature the term has been used interchangeably with fuel economy as well.
our objective in this paper is two-fold. Firstly, we are interested to know specifically about the impact of recent recession and resulting reduced real income on the fuel economy of the new car fleet in the UK.
Secondly, we want to understand the relative magnitude of the impacts of various recent policy initiatives along with the effects of fuel price on new car fuel economy. Unlike previous studies on new car or car stock fuel economy, we use data with a finer temporal resolution and also benefit from a strong variation in the income data (resulting from the recession), which allow us a more robust investigation into the effects of income. Using the results of our econometric model, we also simulate the evolution of the relative impacts of various policy levers, price and income on fuel economy.
This paper is organized as follows. Section 2 briefly discusses the literature highlighting the ambiguous finding on the effects of income. Section 3 discusses the policies undertaken in the UK that could affect new vehicle fuel economy. Section 4 describes the data and their sources, along with the modeling strategy. Section 5 presents the results of the econometric model, discusses their implications and simulates the effects of various policies. Section 6 draws conclusions.
Review of the Literature
One of the first studies to model ex-post the impact of the Corporate Average Fuel Economy (CAFE) standards on new vehicle fuel economy was by Greene (1990) USA U sales data, he finds that the CAFE standards had twice the influence of fuel prices during 1978 to 1989, when new car fuel economy showed a large improvement in the USA. Aggregate time series studies of vehicle fuel economy often use stock fuel economy, i.e. the average fuel economy of all the cars (or cars + light trucks in the USA) on road although studies focusing on new car fuel economy have started to emerge as well. There is a consensus among these studies that higher fuel prices lead to an improvement in fuel economy or, at worst, no discernible improvements (Klier and Linn 2013 , Clerides and Zachariadis 2008 , Espey 1996 , Johansson and Schipper 1997 , Greene 1990 . However, the effect of income is ambiguous in literature. For example, Johansson and Schipper (1997) , Dahl (1995) and Clerides and Zachariadis (2008) report that an increase in income reduces the fuel economy (of current or new car fleet) in the USA, Canada and Japan, yet Bonilla and Foxon (2009) and Bonilla (2009) The ambiguous finding on the effect of income on vehicle fuel economy can be important for policy design, especially for the effectiveness of the market-based policies to improve the fuel economy of new cars. A priori, as income rises the marginal utility of income reduces, which would likely make people less sensitive to the running costs of cars and therefore savings from higher fuel economy becomes less important in vehicle use (Greene 1992, Small and van Dender 2007) or purchase decisions. In such cases the income elasticity of fuel economy should be negative. On the other hand, more fuel efficient vehicles are generally more expensive yet the lower marginal utility of a larger income means a lower sensitivity to the higher purchase price as well. This could result in a positive income elasticity, as argued by Johansson and Schipper (1997 Therefore, our first objective in this paper is to determine the 'net' effect of income on new vehicle fuel 3 There is a sizeable literature on vehicle choice, where fuel economy enters as a direct or indirect attribute. Also a few studies attempt to model the willingness to pay for fuel economy. Neither considers the aggregate evolution of fuel economy and the effect of various policies or external events on this evolution. 4 We thank an anonymous reviewer for suggesting the marginal utility based argument here.
economy in order to unravel some of the ambiguity. This would then allow us to simulate the effect of the recession induced loss in income.
The recession in the UK also affords us with observations during a period that is quite different from those used in other studies. Between 2005 and 2013, the economy in the UK grew first, and then showed a sharp drop in GDP, followed by a slow recovery, which makes the drop in income more persistent and visible to the car owners. Similarly retail fuel prices have also risen to a peak not seen till the oil shocks of the 1970s, followed by a sharp fall and then a substantial increase again. Also, a number of UK policies (introduction of fuel duty escalator, restructuring of vehicle excise duty and company car tax, voluntary and mandatory carbon efficiency standard for new cars, etc.) were enacted during the late 1990s and early 2000s which were beginning to have their mark on new vehicle fuel economy, but the impacts of which were not quantified in a comprehensive econometric framework.
Our second objective is to quantify the relative impacts of these policy initiatives on new vehicle fuel economy in the UK. [ Fig. 1 about here]
Policies affecting vehicle fuel economy in the UK
The history of policies that can affect fuel economy of new vehicles goes far in the UK. Duty (tax) on motor fuel was first levied in the UK as early as in 1909 for fiscal reasons, but in 1993 an escalator was introduced, by which it was set to increase at a rate slightly above the inflation. Concern about greenhouse gas emissions from motor fuel was a major motivation behind the fuel duty escalation in 1993. The escalation formula has since been changed, postponed, frozen, reintroduced or restructured during various years until now. Imposition of fuel duty increases the prices of fuel and encourages consumers to buy fuel efficient cars in order to minimize running costs. However evidence suggests that consumers value only first three years worth of fuel cost savings when buying a car (Greene et al. 2013) and therefore the impact is not as high as it could have been had the consumers been interested in lifetime fuel cost savings from the vehicle.
The first policy initiative to directly improve fuel intensity of new car fleet was undertaken in the late 1970s in response to the two oil price shocks. A voluntary agreement with the car manufacturers on a 10% improvement in new car fuel consumption between October 1978 and October 1985 was widely believed to have been successful in achieving the target two years ahead of the deadline (Sorrell 1992) .
By the end of October 1985, around 13.2% to 15% improvement in fuel intensity was reported. In addition to these policies, following the recession in 2008, a vehicle scrappage scheme was introduced in 2009 for a year. While the primary purpose was to stimulate new car sales, an important objective was to replace older, more polluting vehicles with newer, more fuel efficient ones. During its ten months of operation, the carbon intensity of the cars bought under the scheme was around 45 g/km better than the scrapped ones (Lane 2009 ). However, the overall environmental benefits of such vehicle scrappage schemes are often debated in the academic literature, especially since there was no requirement to buy a fuel efficient car under the UK scheme. Table 1 below summarizes the salient features of these policies.
[ Table 1 about here]
Data and Methods
Average fuel economy for new car fleet in the UK is available from the UK government sources since the 1970s, but that statistics include only petrol vehicles. Use of such data will mask the impact of diesel cars, which currently enjoys a large market share among new cars in the UK (over 50% as of December (Friedman 1957) and accordingly expenditure has been extensively used in both aggregate and disaggregate studies (e.g. Archibald and Gillingham 1980, Wadud et al. 2009 ). 6 We also used the quarterly values for the corresponding months, but specification tests rejected those models. We opt for a log-linear constant elasticity specification for our model. Given the time series nature of the data, we utilize an Autoregressive Distributed Lag (ARDL) model. Our final specification is:
where j, k and l are at least 1 and their lengths are chosen using specification tests such that t is not serially correlated and is normally distributed. level, but cannot be rejected at 90% level) in Model 2, we correct the OLS standard errors for heteroskedasticity using the Newey-West method. Our discussion below is based on Model 2, although we note that Model 1 also supports similar findings, with minor differences in statistical significance.
Results and Discussion
[ Table 2 about here]
The statistically superior performance of Model 2 indicates that the effect of EU-wide mandatory Klier and Linn (2013) and Clerides and Zachariades (2008) . This is equivalent to an improvement of around 0.09 mpg for every 10 pence/litre increase in real (2005) fuel prices. Since car purchase behavior can depend on past experience and future expectation of fuel prices, instantaneous prices may not always be the best variable representing fuel prices. We therefore tested with lags of price and average of last 3 and 6 months prices to accommodate the effect of past fuel prices (which helps build expectations of future prices as well) in fuel economy decisions, but all of these models came short in the specification tests, in both static and dynamic forms.
The parameter estimate for ratio of petrol to diesel prices is statistically insignificant, indicating that the fuel price differential, at current levels, did not affect the market share of new diesel and petrol vehicles sufficiently to capture an impact on average fuel economy of new car fleet. Our results thus appear in agreement with Schipper F suggestion that only 5% of carbon reduction from new cars in Europe is due to changes in petrol and diesel market share. 12 Also, unlike the rest of Europe, diesel prices in the UK are higher than petrol prices, therefore fuel price differential does not play as big a part in the decision to switch from petrol to diesel (although it may have deterred an even larger switch).
We find that an increase in income has a large detrimental effect on new vehicle fuel economy, with a short run elasticity of -0.214. This supports the hypothesis that at higher income fuel economy becomes relatively less important in vehicle purchase decisions and that the demand for fuel consuming accessories (power wheel and seats, air conditioning etc.) increases. Our results therefore support similar results in the USA and contradict the recent studies in Europe and the UK. As described earlier, we believe the contradiction stems from the limitations in the data (gradually increasing income) or model specification (lack of appropriate control) in the earlier studies in Europe and the UK. Still, the persistence of the recent recession is unique and it implies that we cannot completely rule out the 11 The choice of diesel price over petrol price is because it is less correlated with diesel to petrol price ratio.
Alternate specifications using petrol price also results in similar findings. 12 Note that carbon efficiency comparison is trickier than fuel efficiency comparison. Although diesel engines have better fuel economy than similar sized petrol ones, diesel fuel is more carbon intensive. Therefore the carbon efficiency gains due to a switch from petrol to diesel are less than the fuel economy gains of such a switch.
possibility that the structural relationship between income and new vehicle fuel economy may have changed recently.
The parameter estimates for the interaction of time and dummy for EU emissions standard, STD09 or STD07, and for the dummy for restructuring of VED, are both independently statistically significant, indicating our strategy of separating the two effects using a step and an interaction dummy worked well (even for STD09 in Model 1 where the effect of multicollinearity was expected to be the worst).
Parameter estimate for STD07 (or STD09 in Model 1) is positive, as expected, and supports the hypothesis that new vehicle fuel economy had further improved over the already upward time trend. On average, the fuel economy improvement in new cars is an additional 2.28% a year since 2007, which is equivalent to 1.09 mpg a year at our sample mean mpg as a result of the mandatory carbon emissions standard. This is not surprising earlier studies on CAFE standards in the USA also showed that the standard had large impact on new vehicle fuel economy (Greene 1990) . VED also has a positive parameter estimate, providing evidence of a step change in the new vehicle fuel economy due to VED restructuring of 2009. VED restructuring in 2009 can be associated with a 0.84% change in new vehicle fuel economy in the UK, which is equivalent to an improvement of 0.40 mpg on average. Giblin and McNabola's (2009) report that the changes in Irish VED structure improves carbon intensity by 3.3% -3.8% in the long run, although the results are not comparable with ours because of differences in countries, VED structure, and modeling methods -especially ours is a revealed preference time series study, whereas theirs is a simulation prediction from a disaggregate vehicle choice model.
The effect of vehicle scrappage (through dummy SCRAP) on new fleet fuel economy is statistically insignificant at 95% confidence level. The result may appear counter-intuitive at first since the cars bought under the scrappage programme were, on average, smaller and had better carbon efficiency than the rest of the new car fleet during that period, a point well publicized in the media. However, if these smaller new cars represent a similar share of small cars as in other years in the new car market, then the changes in average fuel economy of the whole new fleet may not be large enough to be picked up by the SCRAP dummy. Note that in Model 1 also, the parameter estimate for the car scrappage programme is statistically insignificant. Also, the scrappage scheme did not offer any specific incentive to buy cars that were more efficient than the average new car, which would have much improved new fleet fuel economy over the baseline improvements already taking place.
Some seasonality is observed in the monthly new car fuel economy as evident from the statistical significance of the some of the monthly dummies. Taken together they are jointly significant and small. On the other hand, some of the demand side initiatives will likely have a relatively larger impact on total fuel or carbon consumption through affecting driving distances and number of trips.
[ Fig. 3 about here]
Conclusions and Policy Implications
We utilized a monthly dataset on new vehicle fuel economy to understand how they have evolved in the UK from 2005 to 2012. This is an interesting period due to major changes in some of the factors that affect new vehicle fuel economy. The rapid fall and stagnation of income, the rapid rise and fall of fuel prices, and a number of policy changes during the period required careful econometric modelling in order to disentangle the effects. Contrary to recent studies in the UK and Europe, our results show that new vehicle fuel economy in the UK decreases as income rises, which is in line with similar findings in the USA and Canada.
Our findings have important policy implications. We infer that the recent improvement in new vehicle fuel economy in the UK is largely a result of EU wide carbon emissions standard although the persistent recession had a small but significant role. As such there is a risk that once the economy starts to grow consistently again, demand for more fuel efficient new vehicles may start to diminish. This indicates that demand side policies (VED restructuring, fuel duty escalator, etc.) need to consider the potential adverse effects of increasing income on fuel economy. Especially the impact of income is larger on reducing new vehicle fuel economy than the impact of fuel prices on improving it. Variations in the ratios of petrol to diesel prices did not appear to affect new vehicle fuel economy, indicating differences in fuel prices, at least at the current level of small differences, did not significantly affect the switch from petrol to diesel or vice versa in the UK. However, we do note that lower diesel prices in the rest of Europe may have contributed to higher diesel share in those countries.
We also show that, while demand side policies such as VED restructuring had clear positive impact on improving new car fuel economy, the impact is smaller than the mandatory carbon standard. The relatively smaller effects of VED structuring (and fuel prices) does not necessarily mean standards are implemented policies and standards, e.g. a larger duty differential between the VED bands could have had a relatively larger impact on new vehicle fuel economy. We can, however, conclude that in order to bring about the same changes in new vehicle fuel economy as brought about by the mandatory standards, fuel prices would have had to rise by an impractically large amount, from an already high base price.
As expected, but contrary to popular media reports, the scrappage scheme did not put any significant dent on average new vehicle fuel economy. While the vehicle scrappage programme did reduce carbon emissions by replacing older less efficient vehicles by newer more efficient ones, linking the scrappage schemes specifically to purchasing new vehicles with above average fuel economy could have had some impact on carbon or fuel savings from the replacement vehicles. Such a linked policy has the risk that some old vehicles are not traded at all (where the replacement car would have been less fuel efficient therefore further work needs to be done in this area to identify the optimum strategy.
There are still some limitations in our work. VED restructuring could have had a small gradual impact which could not be disentangled from our emissions standard impact. Similarly, if there were any 'step' changes in new vehicle fuel economy due to the EU-wide emissions standard, that is subsumed in the VED impact. However, we believe both these effects, if they had occurred, would be small in magnitude and should not change our conclusions. Also, we worked on an aggregate model of new vehicle fuel
economy. An important area that requires further investigation is the heterogeneity in the income and price effects among different socio-economic groups along the lines of Wadud et al. (2009) or in a vehicle choice modeling framework, since demand side policies would work better once we know the differences (if any) and design the policies accordingly.
New vehicle fuel economy in the UK:
Impact of the recession and recent policies Tables   Table 1 New vehicle fuel economy in the UK:
Impact of the recession and recent policies Jan-05 Jan-06 Jan-07 Jan-08 Dec-08 Dec-09 Dec-10 Dec-11 Dec-12 MPG Time income frozen at pre-recession maximum model prediction
